Background/Aims-Acute stimulation by cAMP of the sodium dependent glucose cotransporter SGLT1 has previously been shown. As prostaglandin E 2 (PGE 2 ) increases intracellular cAMP concentrations via its receptor subtypes EP2R and EP4R, it was investigated whether PGE 2 could enhance intestinal glucose absorption. ]methylglucose uptake could be inhibited by the cAMP antagonist RpcAMPS and the specific inhibitor of SGLT1, phlorizin. High levels of EP2R mRNA and EP4R mRNA were detected in villus tip enterocytes. Conclusion-PGE 2 acutely increased glucose and galactose absorption by the small intestine via the SGLT1, with cAMP serving as the second messenger. PGE 2 acted directly on the enterocytes, as the stimulation was still observed in isolated enterocytes and RT-PCR detected mRNA for the cAMP-increasing PGE 2 receptors EP2R and EP4R. (Gut 1999;44:490-496) 
Carbohydrate absorption in small intestine involves a number of distinct transporters. On the luminal (apical) side, glucose and galactose are transported into the enterocytes via the sodium dependent glucose cotransporter-1 (SGLT1) 1 and fructose via the glucose transporter-5 (GLUT5). 2 On the serosal (basolateral) side, all three carbohydrates are released into the circulation via GLUT2. 2 Acute stimulation by the intracellular messenger cAMP of intestinal glucose absorption via the SGLT1 has been shown. cAMP enhanced sugar accumulation in chicken epithelial cells 3 and augmented glucose uptake into brush border membrane vesicles prepared from rat enterocytes. 4 Pancreatic glucagon, a hormone that elevates cAMP levels, acutely increased galactose uptake into rat enterocytes. 5 In addition, in the isolated perfused small intestine and in suspensions of mature enterocytes of the rat, enteroglucagon-37 (oxyntomodulin) cAMP-dependently increased glucose absorption via the SGLT1. 6 Of the five naturally occurring prostanoids, prostaglandin (PG) D 2 , E 2 , F 2 , I 2 , and thromboxane A 2 , only PGE 2 , PGD 2 and PGI 2 are known to increase intracellular cAMP concentrations. 7 For PGE 2 , four receptor subtypes are known, named EP1R, EP2R, EP3R, and EP4R. EP1R is coupled to a phospholipase C stimulating G q protein and increases intracellular calcium concentrations, EP3R is coupled to an inhibitory G i protein and decreases intracellular cAMP concentrations, and EP2R and EP4R are linked to a stimulatory G s protein and thus increase intracellular cAMP concentrations. 7 The synthesis of PGE 2 has been shown in epithelial and subepithelial layers of the rat intestine. 8 In mice and rats mRNA for the PGE 2 receptor subtypes EP2R and EP4R has been detected in the intestinal mucosal layer. 9 10 PGE 2 was previously shown to stimulate adenylate cyclase in rat intestinal epithelial cells via a receptor mediated mechanism, 11 and to enhance bicarbonate secretion in guinea pig intestine. 12 The mRNA expression of G s linked EP2R and EP4R, 10 the observed activation of adenylate cyclase by PGE 2 , 11 and the reported stimulation of 3-O-methylglucose uptake by dbcAMP 4 in enterocytes suggested that PGE 2 should enhance intestinal glucose absorption. The possible regulation of glucose absorption by PGE 2 has so far not been studied in the isolated perfused small intestine, only in isolated mice enterocytes, where, surprisingly, PGE 2 had no eVect on -methylglucose uptake. 13 Thus it was the aim of this study to investigate the possible stimulation by PGE 2 via cAMP of intestinal carbohydrate absorption. It could be shown that PGE 2 acutely enhanced intestinal glucose absorption via the SGLT1 in perfused small bowel and enterocytes isolated from the rat. In addition, mRNA for the G s linked PGE 2 receptor subtypes EP2R and EP4R was detected in the villus tip enterocytes.
Materials and methods

MATERIALS
All chemicals were of reagent grade and from commercial sources. Enzymes were purchased from Boehringer (Mannheim, Germany), PGE 2 , dextran, and bovine serum albumin from Appli Chem (Darmstadt, Germany), dibutyryl adenosine 3',5'-cyclic monophosphate (dbcAMP) from Sigma (Deisenhofen, Germany), and the R-stereoisomer of adenosine 3',5'-cyclic monophosphothioate (RpcAMPS) from Calbiochem-Novabiochem GmbH (Bad Soden, Germany).
ANIMALS
Male Wistar rats were supplied by HarlanWinkelmann (Borchen, Germany). They were kept on a 12 hour day/night rhythm with free access to water and food (standard diet of SsniV, Soest, Germany). Preparation of the organ perfusion and isolation of enterocytes were started at 9 am. Treatment of the animals was in accordance with the German Law on Protection of Animals.
PERFUSION OF ISOLATED RAT INTESTINE
The preparation was performed as described previously. 6 In brief, rats (300-350 g) were anaesthetised by intraperitoneal injection of pentobarbital (60 mg/kg) followed by a midline laparotomy. Then a vascular non-recirculating perfusion of the intestine was started by cannulating the superior mesenteric artery and coeliac trunk with the outflow in the portal vein. Intestinal contents were washed out with a warmed saline solution through a catheter placed in the lumen of the duodenum with the outflow through an additional catheter in the caecum. The latter was used during the experiment to collect the luminal small intestinal eZuent. The perfusion medium consisted of Krebs-Henseleit buVer containing 5 mmol/l glucose, 2 mmol/l lactate, 0.2 mmol/l pyruvate, 1 mmol/l glutamine, 3% dextran, and 1% bovine serum albumin, equilibrated with a mixture of O 2 /CO 2 gas (19:1, v/v). Samples of the perfusion medium were obtained from the portal vein for subsequent determination of carbohydrates. Total vascular flow was quantified by fractionating the eZuent of the portal vein into calibrated tubes; it amounted to about 33 ml/min. Flow in the superior mesenteric artery was measured using a Transonic T 106 Flowmeter (Transonic Systems Inc, Ithaca, New York, USA). Flow in the coeliac trunk was defined as the diVerence between the flow in the portal vein and superior mesenteric artery. Finally the whole intestine was removed from the body and transferred to an organ bath filled with warmed saline solution. Experiments were started after a preperfusion period of 20 minutes.
CARBOHYDRATE ABSORPTION EXPERIMENTS WITH ISOLATED PERFUSED RAT SMALL INTESTINE
A bolus of 1 g (5.5 mmol) glucose, galactose, or fructose in 1.5 ml 0.9% NaCl was infused within one minute through the pyloric sphincter at the given time points. Metabolites in the vascular inflow and outflow were measured using standard enzymic techniques. 14 15 Luminal flow and thus transit were due to physiological intestinal peristalsis. The time interval from application of the carbohydrate bolus to appearance of the carbohydrate in the small intestinal eZuent was taken as the transit time. As the luminal outflow occurred through a catheter placed into the caecum, luminal substrates could be absorbed only from the small intestine. Therefore the isolated perfused intestinal preparation used corresponded functionally to perfused small intestine.
ISOLATION OF VILLUS TIP ENTEROCYTES
A low temperature method was used to isolate villus tip enterocytes, 6 16 as SGLT1 is expressed mainly in mature enterocytes located on the villus tips. In brief, everted small pieces of the proximal one third of the small intestine were first stirred on ice for five minutes in oxygenated Hanks balanced salt solution containing 0.5 mmol/l dithiothreitol, and then subjected to a mechanical wash out in oxygenated calcium chelate buVer (27 mmol/l trisodium citrate, 5 mmol/l Na 2 HPO 4 , 96 mmol/l NaCl, 8 mmol/l KH 2 PO 4 , 1.5 mmol/l KCl, 20 mmol/l D-sorbitol, 20 mmol/l sucrose, 2 mmol/l glutamine, 1.5 mmol/l dithiothreitol, 1 mg/ml hyaluronidase) for another 20 minutes. The separated enterocytes in the supernatant were collected by centrifugation (1000 g for six minutes at 4°C) and washed twice in incubation medium (80 mmol/l NaCl, 100 mmol/l mannitol, 20 mmol/l Tris, 3 mmol/l K 2 HPO 4 , 1 mmol/l MgCl 2 , 2 mmol/l glutamine, and 1 mg/ml bovine serum albumin) as described by Kimmich. 17 Viability, assessed by the trypan blue exclusion method, was greater than 90%. Cells were suspended in incubation medium to a final concentration of 2 × 10 6 /ml. Light microscopy and alkaline phosphatase activity were used to verify the purity of the villus tip enterocyte fraction, as alkaline phosphatase activity is highest in the upper villus zone and almost absent in the crypts. 18 
CARBOHYDRATE UPTAKE EXPERIMENTS WITH ISOLATED ENTEROCYTES
A rapid filtration technique was used to determine glucose uptake into isolated enterocytes. A 200 µl sample of the stock suspension of cells was added to several glass flasks each containing 100 µl incubation medium, and incubated in a thermostatically controlled water bath (37°C). After an incubation period of 10 minutes with or without eVector substances, the experiments were started by adding 10 µCi 3-O-[ 14 C]methylglucose (specific radioactivity 320 mCi/mmol; NEN, Bad Homburg, Germany) diluted in 100 µl incubation medium to a final glucose concentration of 50 µM. The experiments were stopped at the given time points by rapid transfer to a Whatman filter (Whatman, Maidstone, Kent, UK; pore size 0.45 µm). Adhering radioactivity was washed from the retained cell pellet with 10 ml ice cold incubation medium. Dried filters were directly transferred to scintillation fluid (LSC Hydroluma; Baker, Deventer, The Netherlands) and counted for radioactivity. 19 and then incubated with RNase-free DNase to remove any possible remaining genomic DNA contamination. First strand cDNA was synthesised by oligo(dT)12-18-primed reverse transcription. To amplify fragments of the PGE 2 receptor subtypes EP1R, EP2R, EP3R, and EP4R, 35 cycles of PCR were carried out using 10 ng first strand cDNA as template and oligonucleotide primers corresponding to mouse EP1R or rat EP2R, EP3R, and EP4R sequences in table 1. Amplification of SGLT1 mRNA was taken as a positive control for the RNA isolated from the villus tip enterocyte fraction expressing the SGLT1. Positive PCR products were checked by DNA sequencing.
STATISTICAL ANALYSIS
All results are presented as means (SEM) for the indicated number of observations. Data were analysed by Student's t test for unpaired data. DiVerences were considered significant at p<0.05.
Results
ACUTE INCREASE IN GLUCOSE ABSORPTION STIMULATED BY PGE 2 IN ISOLATED PERFUSED
INTESTINE
The possible stimulatory eVect of PGE 2 on intestinal carbohydrate absorption was first examined with isolated perfused rat intestine. Basal intestinal glucose absorption from the small bowel without addition of any eVector was measured after application of a first glucose bolus into the intestinal lumen. The glucose concentration in the portal vein as a result of intestinal glucose absorption increased from 4.9 (0.1) mmol/l to a peak value of 6.1 (0.1) mmol/l (fig 1) . The total amount of glucose absorbed was 388 (48) µmol, as indicated by the corresponding area under the portal glucose concentration curve v time (11.8 (2.9) µmol/ml/min) multiplied by the portal flow (33 ml/min) (fig 1) . On infusion of PGE 2 (1 µM) into the superior mesenteric artery, the portal glucose concentration after the second glucose bolus was raised to a peak value of 10.2 (0.6) mmol/l. Thus PGE 2 stimulated intestinal glucose absorption by 3.2-fold to 1246 (184) µmol (area under the curve = 71.8 (10.6) µmol/ml/min) × (flow = 33 ml/min). When, as a control, the second glucose bolus was given without arterial infusion of PGE 2 , the maximum increase in portal glucose concentration as well as the total amount of glucose absorbed were not diVerent from glucose absorption after the first glucose bolus (fig 1) . Lactate release by the small intestine during the entire experiment was at a low constant level and was not altered by the infusion of PGE 2 (data not shown). The vascular flow of the perfusion system remained essentially constant during the whole experimental period-that is, it was not modified by the infusion of PGE 2 ( fig 1) . The intestinal transit time did not diVer significantly between the first glucose bolus without and the second glucose bolus with arterial PGE 2 infusion (fig 1) .
SGLT1 AS TARGET OF THE STIMULATORY EFFECT OF PGE 2 ON GLUCOSE ABSORPTION
Glucose and galactose are absorbed by SGLT1, and fructose by GLUT5. 1 2 Thus the use of glucose, galactose, or fructose as absorbable substrate will identify the intestinal carbohydrate transporter involved in the action of PGE 2 . Phlorizin (a competitive inhibitor of SGLT1) was not used in the perfusion experiments because its solubility in the intraluminal carbohydrate bolus was too low to produce suYcient competitive inhibition. When galactose or fructose instead of glucose was perfused as a bolus luminally through the pyloric catheter, absorption of galactose but not fructose was increased to a similar extent to that of glucose by PGE 2 infused into the superior mesenteric artery (fig 2) . Further evidence was obtained in isolated enterocytes with phlorizin, a specific inhibitor of SGLT1 20 (see below). These results, obtained with the two experimental systems, indicate that PGE 2 stimulated glucose absorption via the SGLT1. 3B) . To examine the involvement of cAMP in the PGE 2 stimulated increase in glucose uptake, additional experiments were performed with the cAMP analogue, dibutyryl cAMP (dbcAMP), and with PGE 2 in the presence of the protein kinase A inhibitor, the R-stereoisomer of 3',5'-cyclic adenosine monophosphothioate (RpcAMPS). 21 In the isolated villus tip enterocytes, dbcAMP (10 µM) enhanced 3-O-[ 
RECEPTOR mRNA IN VILLUS TIP ENTEROCYTES
To verify the direct action of PGE 2 on villus tip enterocytes, the expression of the four PGE 2 receptor subtypes was examined at the mRNA level by RT-PCR. Detection of SGLT1 mRNA served as a positive control confirming correct isolation of villus tip enterocytes and their RNA as a template for the RT-PCR (fig 4) . mRNA for G s linked PGE 2 receptor subtypes 2 and 4 appears to be strongly expressed in the enterocytes (fig 4) . mRNA of the G q linked subtype 1 receptor was also detectable, but that of the G i linked subtype 3 receptor was undetectable (fig 4) . The PCR products were sequenced; the sequence was identical with the corresponding receptor sequence. To exclude the possibility that EP3R mRNA was missed because of non-functioning primers or ineVective reverse transcription or PCR, mRNA from isolated primary hepatocytes, which express EP3R, served as a positive control (data not 7 This supports the conclusion that PGE 2 directly stimulates glucose uptake into enterocytes via an increase in cAMP.
Discussion
BASAL GLUCOSE ABSORPTION IN ISOLATED PERFUSED RAT INTESTINE
The experimental system of the single path vascularly perfused intestine used in this investigation ensured suYcient oxygen supply, as indicated by little lactate release, which remained constant during the experiments (data not shown). Basal intestinal glucose absorption, vascular flow rates, and intestinal transit time (fig 1) were comparable with previous results. 6 22-24 As rats consume about 20 g of food a day containing 75% carbohydrates, 25 the intraluminal glucose bolus applied of 1 g amounted to less than 7% of the daily ingested carbohydrates. Water movements across the intestinal wall into the lumen induced by the intraluminal carbohydrate bolus through osmotic forces and out of the lumen through absorption of the carbohydrates were balanced; there was a constant luminal net movement of water of less than 0.3 ml/min during the entire experiment (data not shown), which is comparable with the results of previous investigations. [22] [23] [24] The constancy of flow in the coeliac trunk and superior mesenteric artery excluded the possibility of any deterioration of the preparation from tissue oedema or development of microembolisms. In isolated perfused small intestine, PGE 2 acutely increased glucose and galactose but not fructose absorption (figs 1 and 2). As glucose and galactose are absorbed via SGLT1 1 and fructose via GLUT5, 2 this indicates that SGLT1 was involved in the stimulation of absorption by PGE 2 . These results are supported by the data obtained with isolated enterocytes, in which phlorizin, a specific inhibitor of SGLT1, 20 markedly decreased the PGE 2 stimulated 3-O-[ 14 C]methylglucose uptake ( fig 3B) . The diVerent responses to PGE 2 of glucose and galactose absorption on the one hand and fructose absorption on the other also ruled out stimulation via the paracellular route, which has been proposed previously. 28 29 In addition, no stimulatory eVect would be detectable in isolated enterocytes because, in cell suspensions, no paracellular pathways are present. This is in accordance with the previous finding of negligible paracellular intestinal glucose transport in the rat. 30 Also PGE 2 induced changes in intramucosal flow are unlikely to cause, or contribute to, the increase in glucose and galactose absorption. Firstly, no alteration in total vascular flow or flow through the superior mesenteric artery and coeliac trunk (fig 1) could be measured. Secondly, and more importantly, a change in intramucosal blood flow would alter all absorptive processes not only the absorption of glucose and galactose (fig 2) . An alteration in intestinal motility may also be involved in the increase in glucose absorption. However, intestinal motility, as measured by the transit time of the glucose load, was not significantly modified by PGE 2 (fig 1) . In conclusion, the stimulatory eVect of PGE 2 in the isolated perfused intestine must occur via SGLT1. The rapid onset of the stimulatory eVect of PGE 2 (fig 1) clearly diVers from the well known adaptative increase in carbohydrate absorption known to occur during pregnancy, 31 lactation, 31 streptozotocin induced diabetes mellitus, 32 experimental hypo-and hyper-insulinaemia, 33 and high carbohydrate diets 34 in rats. In all these, the underlying mechanism was modulation of the number of SGLT1 molecules. In line with this, the luminal carbohydrate content controlled the expression of SGLT1 in several animals 35 and man. 36 The acute increase in glucose and galactose absorption produced by PGE 2 in the present investigation excludes the possibility of de novo synthesis of the SGLT1. The rapid action of PGE 2 is in line with a chemical modification or translocation of the SGLT1 from intracellular storage pools to the cell membrane. No evidence is so far available for a chemical modification. Electrophysiological data obtained with SGLT1 transfected oocytes showed cAMP dependent translocation of the SGLT1, which became detectable only after more than 10 minutes. 37 The half time of insulin dependent insertion of GLUT4 into the plasma membrane in skeletal muscle and adipose tissue is about five minutes. 38 PGE 2 infusion in the present investigation was started only two minutes before application of the carbohydrate bolus; thus the increase in glucose absorption occurred more rapidly than SGLT1 could be expected to be inserted into the plasma membrane, making this mechanism unlikely. However, as oocytes have a larger volume than enterocytes or adipocytes, the longer time lag of insertion observed in oocytes 37 does not definitively rule out SGLT1 traYcking in the smaller enterocytes. The rapid stimulation of glucose absorption by PGE 2 is in accord with several recent observations. In the jointly perfused intestine and liver of the rat, luminal glutamine 22 and portal insulin 23 acutely stimulated glucose absorption. Electrophysiological data from mice show a cAMP dependent short term increase in the activity of SGLT1, 39 and, in the isolated rat intestine, enteroglucagon-37 rapidly enhanced glucose absorption. fig 2) . This is in accord with data showing a stimulatory eVect of cAMP on glucose absorption. 3-6 39 Maybe, cAMP stimulates phosphorylation of the translocator via protein kinase A. Consensus sites for phosphorylation have been described. 40 In addition, a regulatory subunit (RS1) of SGLT1 has recently been described, which may be involved in the PGE 2 dependent stimulatory eVect via cAMP. 41 In the present study mRNA for the G s linked PGE 2 receptor subtypes EP2R and EP4R 7 was detected in villus tip enterocytes from rat. In mice, expression of EP4R mRNA has previously been observed by in situ hybridisation in the duodenum, jejunum, and ileum, 9 and, in rats, northern blot analysis showed EP4R receptor gene expression in the intestinal mucosal layer. 10 Apparently, PGE 2 receptors that increase cAMP 7 are present on enterocytes. Moreover, PGE 2 synthesis has previously been shown in epithelial and subepithelial layers of rat intestine. 8 Thus PGE 2 , formed in the intestine in response to as yet unknown stimuli, may act directly via its receptors on the enterocytes. This is supported by the direct stimulatory eVect of PGE 2 on 3-O-[ 14 C]methylglucose uptake in isolated villus tip enterocytes (fig 3) . In a previous study with mice enterocytes, PGE 2 did not alter -methylglucose uptake 13 ; this discrepancy with the present finding cannot be readily explained at present. CONCLUSION PGE 2 stimulation of glucose absorption has been shown in isolated perfused small intestine and isolated villus tip enterocytes of the rat. The increase in glucose absorption was elicited via G s linked PGE 2 receptors of subtype 4 and 2, found expressed in villus tip enterocytes, and is thus mediated by cAMP; it occurs via the sodium-dependent glucose cotransporter SGLT1.
We are grateful to A Hunger, B Döring, and F Rhode for their excellent technical assistance. The work was supported by the Deutsche Forschungsgemeinschaft through the Sonderforschungsbereich 402, Teilprojekt B3.
